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Abstract. Radio spectroscopy offers a number of tools for studying a large variety of astro- 
physical phenomena, ranging from stars and their environment to interstellar and intergalac- 
tic medium, active galactic nuclei (AGN) and distant quasars. Main targets of extragalactic 
radio spectroscopy are atomic and molecular material in galaxies, H ll regions, and maser 
emission originating in the dense, circumnuclear regions. These studies cover all galactic 
types and span an impressive range of angular scales and distances. Molecular emission, 
hydrogen absorption and maser lines have become the tools of choice for making an assess- 
ment of physical conditions in the nuclear regions of galaxies. In this contribution, some of 
the recent advances in the aforementioned fields will be reviewed and discussed in connec- 
tion with future radio astronomical facilities. 
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1. Introduction 

Spectroscopic observations in the radio do- 
main present remarkable opportunities to 
study chemical composition and kinemat- 
ics of plasma, gas, and molecular mate- 
rial in stars, galaxies and g alactic nuclei 
dVerschuur & Kellermann 1988). This makes 
radio spectroscopy an excellent counterpart to 
spectral studies made in other bands. Radio 
spectroscopy spans an impressive spectral 
range of frequencies (0. 1 GHz to 500 GHz, 
Fig. [B, reaches out t o redshifts in excess of 
5 (.Klamer et alJl2005h . and operates at angu- 
lar scales down to a fraction of milliarcsec- 
ond, using the techniques of connected and 
long baseline interferometry. Radio spectro- 
scopic studies of active galaxies (AG) and 
active galactic nuclei (AGN) embrace both 
broad-band and narrow band spectral mea- 
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surements, probing non-thermal emission from 
cosmic plasmas as well as thermal and maser 
radiation from various atomic and molecular 
species. Observations of water masers in AGN 
have paved the way to detailed studies of in- 
ner accretion disks and accurate measurements 
of black hole masses (Moraiietal. 1995). 
Measurements of synchrotron self-absorption 
have been used to determine the physi- 
cal conditions in AGN on sub-parsec scales 
jLobano v 1998a). Hydrogen and free-free ab- 
sorption toward bright continuum sources has 
become a powerful tool to probe the cir- 
cumnuclear environment in galaxies CConwajJ 
IT999: Walker et al. 2000). Physical conditions 
in relativistic outflows from AGN can be 
probed eff'ectively by studying the distribu- 
tion and evolution of the turnover frequency 
of the synchrotron emission from parsec- 
scale jets ( .Lobanov 1998b.) . Observations of 
molecular lines, the CO lines in particu- 
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Fig. 1. Atmospheric transmission for frequen- 
cies up to 1000 GHz. Below 500 GHz {A = 
0.6 mm), absorption due to water in the Earth 
atmosphere does not play a significant role and 
a large number of atomic and molecular lines 
can be observed using ground based facilities 
working in centimeter and millimeter bands. 
Above 500 GHz and outside the two main win- 
dows at 350 jum and 450fj.m, observations can 
only be made with airborne and space obser- 
vatories. (Courtesy of the Steward Observatory 
Radio Astronomy Laboratory.) 



lar, have become a tool of choice to probe 
the g alactic activity u p to very high red- 
shifts ( iKlamer et alJl200 5). Radio recombina- 
tion lines fKardashe^T959) have been detected 
so far only in a small number of extragalactic 
objects (Gordon & Sorochen ko 2002) and can 
be used as an effective indicator of the physical 
state of ionized material in galaxies. The next 
generation of radio astronomical instruments: 
LOFAR (at 10-240 MHz), SKA (300 MHz- 
43 GHz), and ALMA (30-lOOOGHz) will be 
most actively involved in radio spectroscopy, 
achieving up to two orders of magnitude in- 
crease in sensitivity and opening new horizons 
for spectroscopic studies in the radio domain. 

2. Atomic lines 

With the exception of recombination lines, 
atomic radio lines are rare, as most atomic tran- 
sitions produce spectral hnes at wavelengths 



in the infrared or shorter. Table lists the 
atomic radio lines, including the famous 21 cm 
(1.42 GHz) hyperfine line of neutral hydro- 
gen. The D I line at 327 MHz is the deuterium 
analogue of the 21cm line of Hi. The Di 
line has not yet bet detect ed, even inside our 
Galaxy llHeiles et al."l993l'). probably because 
most of the deuterium in the Universe is in 
the molecule HD ( lTielenslll983l) . The radio 
lines of both Hi and Di are cosmologically 
important, as they can be used to measure di- 
rectly the primordial composition of matter in 
the Universe. The hyperfine spin-flip transi- 
tion of ^He^ has b een detected in a number 
of Galactic sources ( iBania et alJl997i) . The C i 
lines are used as tracers of mo lecular gas in 
the ce ntral regions of galaxies (Israel & Baa^ 
2002^ and at high redshif ts t. Weiss et aL.2003t 
Papadopoulos et alJ2004l) . 

Table 1. Parameters of atomic radio lines 



Line Transition v/GHz Del. 



Di 




3/2-1/2 


0.327 


no 


Hi 


'5i/2,F = 


1-0 


1.420 


G,E 


3He+ 


'5i/2,F = 


0-1 


8.665 


G 


Ci 






492.16 


G,E 


Ci 






809.34 


G 



Note: The last column shows whether a given line 
has been detected in Galactic (G) and extragalactic 
(E) objects. 



2.1. Hydrogen line 

The 21cm line of Hi is a "work horse" of 
spectroscopy in the radio domain. It has been 
used most successfully to study the char- 
acteristics of diffuse interstellar medium in 
the Milky Way and in other galaxies. The 
Hi line is characterized by its spin tempera- 
ture Ts (the excitation temperature for hyper- 
fine transitions). Several processes contribute 
to Ts, including (i) absorption and emission 
stimulated by external photon radiation field; 
(ii) collisions with hydrogen atoms and free 
electrons; (ii i) "pumping" by Lyo- photons 
iFieidl (pS?). This allows estimates of vari- 
ous properties of Hi emitting material to be 
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made llRohlfs & WilsoDl2004 . In addition, the 
Zeeman effect of a frequency shift of the circu- 
larly polarized components of H i line profile 
(both in emission and in absorption) enables 
direct measurements of the line-of-sight mag- 
nitude of the magnetic field. 

Observations of neutral hydrogen in galax- 
ies is a prime tool for studying the distribution 
and motion of interstellar gas in galaxies. For 
a galaxy at a distance d, the mass of neutral 
hydrogen can be estimated from 



Mhi[M0] = 2.36x10" t/^ J Sydv, 

where Sv is in Jy and the line is integrated over 
velocity in kms Observations of Hi line 
have been used to study galactic rotation and 
determine the mass distribution in a number 
of spiral galaxies (Bosma 1981). These have 
provided the basis for the virial mass estimates 
for the central regions of galaxies and for the 
famous Tully-Fisher (1976) relation connect- 
ing the maximum rotational velocity and lu- 
minosity of galaxies. Mapping the Hi distri- 
bution in relatively close galaxies shows that 
(i) the H I is not centrally concentrated and its 
extent is larger than the optical extent; (ii) the 
rotation appears to be flattening at large dis- 
tances (in contrast to the decrease observed in 
the optical rotation curve); (iii) Hi links and 
bridges exist between galaxies separated by a 
few tens of kiloparsecs. At present, the bright- 
ness sensitivity of existing instruments sets an 
angular resolution limit of ~ 5 arcsec for stud- 
ies of H I emission and precludes detailed mea- 
surements close to active nuclei. The situation 
should change with the SKA providing a fac- 
tor of 100 improvement of sensitivity. It should 
also be noted that, besides galactic studies, ob- 
servations of H I have a paramount importance 
for cosmological investigations, most notably 
for studies of structure formation and the epoch 
of re-ionization. 

2.2. Recombination lines 

Recombination lines are produced by electrons 
bound to ions and cascading downwards in 
the energy levels. Observability of recombina- 
tion lines in the radio regime was predicted 
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Fig. 2. Integrated H92a Une flux image of the 
nuclear region of NGC 3628. The line is pro- 
duced by the a-transition from the energy level 
with « = 92 (/I = 3.608 cm, ). The gray-scale 
range is 0-100 mJy beam"' kms"'. The con- 
tours represent the continuum flux densities of 
0.04, 0.08, 0.16, 0.32, . . . , 10.3 mJybeam"'. 
Labeled are three RRL emission components: 
Nucleus, SE, and NW. The position-velocity 
distribution of the RRL emission implies a ro- 
tating circumstellar disk with a total dynamical 
mass of 3 X 1 0^ Mp within a distan ce of 1 20 pc 
from the nucleus (IZhao et al 



by Kardashev (Il959h . There is a large number 
of radio recombination lines (RRL) in the 1- 
500 GHz range. Wavelengths of recombination 
lines of an atom with a total mass M are given 
by the well-known Rydberg formula 



A{n,An) ^ 



1 



RmZ^ 



1 



1 



(n + An)2 



where Rm is the atomic Rydberg constant, Z 
is the effective charge of the nucleus, n is the 
lower principal quantum number, and An «: « 
is the change in n. Thus, for or-transitions, with 
An - 1, the wavelengths of recombination 
lines exceed 1 cm for n > 60 (see Fig|2j. 

RRL can be used to estimate temper- 
atures (from the ratio of line energy to 
that of the underlying free-free continuum), 
densities (from the line broadening), and 
kinematics (from the Doppler modification 
of the line shape and center frequency). 
RRL have been observed throughout our 
own Galaxy (.Gordon & Sorochenka .2002) . 
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most notably in the Galactic H ii region s 
r.eorgelinfcr.eorgelim197(k.Odegardl198.^. 
The first extragalactic detection of a recombi- 
nation line wa s made almost 30 years ago in 
M82 dShaver et a l. 1977), but the total num- 
ber of RRL detections in other galaxies is 
small, and no detections of RRL in quasars 
have been reported so far Observations of RRL 
over a wide range of quantum levels provides 
valuable inform ation o n the ph ysical state o f 
the ionized gas llAnant haramaia h et alJll993l) . 
High-resolution observations of RRL (Fig. |2} 
can be used determine velocity fields in galac- 
tic nuclei at an arcsecond resolution, and dy- 
namics of the galaxies and especiall y the nu - 
clear regions can be studied ( Zhao et al IT997I) . 

3. Molecular lines 

Molecular line emission is produced via three 
different type of energy transitions: (i) elec- 
tronic transitions, with typical energies of ~ 
5 eV (gives lines in the visual and UV spec- 
trum); (ii) vibrational transitions (from oscilla- 
tions of the relative positions of nuclei with re- 
spect to their equilibrium positions), with typ- 
ical energies of 0.01-0.1 eV corresponding to 
lines in the infrared band; (iii) rotational tran- 
sitions, with typical energies of ^ 10"^ eV cor- 
responding to lines in the millimeter and cen- 
timeter ranges. 

Molecular line radio astronomy began in 
1963, with a detection of absorption by the OH 
molecules of continuum radio emission from 
supernova remnant Cassiopeia A. Contrary to 
the atomic, radio lines from molecules pro- 
vide a vastly richer field of study, with a 
total of over 120 molecular species identi- 
fied in the circumstellar medium and more 
than 20 molecular spe cies detected toward 
extragalactic regions (Mauersberaer & Henkel 
[l991; Mauersberger et al. 2003). Molecular 
gas has been dete cted in more than 650 galax- 
ies jVerteH I1990^. and the number of detec- 
tions is increasing every year Among the most 
common molecules detected in other galax- 
ies (Table |2} are hydroxyl (OH), methanol 
(CH3OH), formaldehyde (H2CO), ammonia 
NH3, hydrogen cyanide (HCN), formylium 
(HCO^), sihcon monoxide (SiO), and carbon 




-10 -5 
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Fig. 3. CO absorption and emission profiles to- 
ward BLLac. The spectra indicate a surpris- 
ingly one-dimensional structure of the molec- 
ular gas, as a fully-formed line profile is 
observed from an integration along the line 
of sight to a point source of ~ 1 mas in 
size. This implies that the material produc- 
ing the molecular em ission is highly structured 
jT]szt&Lucasn998h. 



monoxide (CO). Ammonia (NH3) is a good 
temperature indicator of extragalactic molec- 
ular gas. The CO and HCN emission and 
absorption are good tracers of the mass of 
the molecular gas in galaxies, and they can 
nowadays be detected over an enormous range 
of column density at millimeter wavelengths 
Jliszt & Luc as 1998). Observations of CO to- 
ward powerful AGN imply that the molecular 
gas is highly structured in the nuclear regions 
(Fig. |3}- However, here again, the sensitivity 
of modern instruments does not permit direct 
studies of molecular emission at a resolution 
needed to probe directly the conditions in cir- 
cumnuclear regions in galaxies. 

4. Maser lines 

The first detection of an astronomical maser 
was made thirty years ago (.Weaver et all 
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Table 2. Commonly observed molecular Unes 



Line 


Trans iti on 


V/OrlZ 


Url 


^TT /7 _ 1 
li3/2r - 1 - Z 


1 .o\.z.Zj 


out 


2tT Z? _ 1 1 

113/2/^ — i — 1 


1 .Ouj4U 


Mr-Tt 
Url 


113^2-^ — Z — Z 


l.DO / jO 


Url 


113/2/' =2-1 


1. /ZUjZy 


CH3OH' 


7/^ = 51- 60A 


6.66852 


CH3OH' 


Jk = 2.0 - ItiE 


12.17859 


rj 


T o o 

JKcKc - ^11 - ^12 


1/1 /I QQ/1 n 


H2O+ 


JKaKc — "16 - J23 


OT O T CO C 


NH3 


(y, a:) = (1, 1) - (1, 1) 


23.69451 


MTU 


(y, /t) = (2, 2) - (2, 2) 


23. 1 lloi 


t>lU 


7 = 1 — U, V = 2 


42.821)39 


aiU 


I 1 n , , 1 
7 = 1— U, v=i 


43. 122U8 


t>lU 


7 = 1 — U, V = U 


43.42300 


SiO" 


7 = 2 - 1, V = 2 


85.64046 


SiO^ 


7 = 2 - l,v = 1 


86.24344 


SiO 


7 = 2- l,v = 


86.84700 


HCNt 


7=1-0,F = 2-1 


88.63185 


HCO+ 


7=1-0 


89.18852 


C'**0 


7=1-0 


109.78218 


'^CO 


7=1-0 


110.20137 


CO 


7=1-0 


115.27120 



Notes: t - often found in maser transitions; 
% - always found i n maser transitions (from 
|RohifcXWso3200l) 



Il965h . with a definitive answer about the maser 
nature of the object coming from very long 
baseli ne (VLBI) observations ( M oran et al.l 
Il968h . Subsequently, a number of Galactic and 
extragalactic masers have been discovered and 
studied. Five major types of cosmic masers are 
known to date (Table O: (i) H2O masers at 
22.2 GHz (1.3 cm); (ii) OH masers at 1.67 GHz 
(18 cm); (iii) methanol (CH3OH) masers at 
6.67 GHz (5 cm); (iv) silicon monoxide (SiO) 
masers at 43.1GHz (0.7 cm) and 86.2 GHz 
(0.3 cm); (v) HCN masers at 88.6 GHz (0.3 cm) 
— and many other molecules exhibit weaker 
maser emission. All Galactic masers are pro- 
duced in the circumstellar envelopes and near 
young stars. 

4A. OH megamasers 

Extragalactic maser emission was first 
discovered in NGC 253 in the 1665 MHz 
and 1 667 MHz transitions of OH 
dWhiteoak & Gardner. .1974) with a lumi- 



nosity of about 100 times greater than typical 
Galactic OH masers. In 1982 an OH "mega- 
maser" was disco vered in Arp220 (IC 4553) 
teaan et al. 1982). Since then, more than 50 
extragalactic OH sources have been discov- 
ered llaaH GUI. The OH megamasers are 
characterized by much higher luminosities 
and broader emission lines (up to several 
100km s ') compared to Galactic OH masers. 
The standard model of the OH megamasers as- 
sumes a low-gain amplification in a molecular 
disk around the nucleus of the galaxy ( Norri^ 
Il984ft . The gas is pumped by far-infrared 
radiation (Baan il989i) and amplifies the 
nuclear continuum emission. Extragalactic 
OH megamasers often found in ultra-luminous 
FIR galaxies (ULIRG), which are generally 
characterized by morphological peculiarities, 
interactions with neighbors, highly ionized 
species showing starburst and AGN-type 
nuclear phenomena (Klockner& Baan 2005). 
The OH megamasers are reported to have 
a two-component structure (Fig. |4}, with a 
compact and diffuse maser emission, possibly 
tracing an interaction between the ionization 
cones of the outflow and the molecular torus 
(iKlockner et alJ2003l) . 

4.2. H2O megamasers 

In 1977, a small number of H2O masers 
have bee n detected in several n earby spiral 
galaxies dChurchwell et al. ''l977). all of them 
similar to the Galactic masers. Extragalactic 
"megamasers", with luminosities in excess 
of 100 Lq. were discovered in nuclei of 
active galaxies (dos Santos & Lepine 1979; 
IClaussen&Lol fl986). and soon after became 
an impressive tool to study the circumnuclear 
regions in AGN (with more than 20 mega- 
masers known to date; Malonev 2002). Most 
of the H2O megamasers have been detected in 
Seyfert2 and LINER galaxies, but the situa- 
tion has changed with the detection of a maser 
in th e radio-loud galaxy 3C 403 ( Tarchi et al] 
l2()03i) . 

All known H2O megamasers have the fol- 
lowing common properties: (i) host galaxies 
show evidence for nuclear activity (Braatz et 
al. . 1996;. 1997) : (ii) the maser emission is cen- 



6 



Lobanov: Radio Spectroscopy of AGN 




IOC 30 -50 -100 

Mi9liarcsec 



Fig. 4. The integrated OH (pseudo-color) and 
radio-continuum (contours) emission in the nu- 
cleus of Mrk231. The hydroxyl (mega)-maser 
emission shows the characteristics of a rotat- 
ing, dusty, molecular torus (or thick disk) lo- 
cated within 30-100 p c from the central engine 
( iKlockner et alJ2003h . 



tered on the nucleus; (iii) the spatial diame- 
ter of the emitting regions are small (< 3 pc) 
(iGreenhill et al. 1995; Mivoshi et al. 1995). 

Extragalactic H2O masers are used in a va- 
riety of studies including (i) mapping accretion 
disks in AGN, (ii) determining the mass of the 
central black holes, (iii) obtaining geom etric 
distances to galaxies (Fig. [S] He rrnstein et alJ 
Il998h . (iv) studying the interaction between 
the dense molecular material and the ionization 
cones (l^allimore et al. 1996; Greenhill et al. 
200 Ih and nuclear jets dClaussen etalj|1998l: 
Peck et alJ l200l . and (v) measurmg proper 
motions of maser spots in the local group of 
galaxies ( iBrunthaler et alJ2005l) . 

5. Absorption lines 

In the radio domain, absorption due to sev- 
eral atomic and molecular species has been de- 
tected, most notably due to H i, CO, OH, and 
HCO"^ (see Table |2j. In many c ases, absorbing 
mater ial lies in our own galaxy ( iLiszt & LucasI 
l200fll) . In extragalactic objects, OH absorp- 




Line-of-Sight Velocity (km s-i] 



Fig. 5. H2O masers in NGC4258. Top panel: 
actual maser positions (filled triangles and cir- 
cles) superimposed on the radio-continuum 
emission (contours) and approximated by a 
model of warped disk. The filled square marks 
the best-fit location of the center of the disk. 
Bottom panel: total spectrum of the maser 
emission and line-of-sight velocities of indi- 
vidual spots fitted by a Keplerian disk model. 
The high-velocity masers trace a Keplerian 
curve to better than 1%. Observations of H2O 
masers in NGC4258 have allowed to infer a 
geometric distance of 7.2 + 0.3 Mpc to the 
galaxy from the direct measurement of orbital 
motions in the maser spots. The motions imply 
a central object with a mass of (3.9 + 0.1) x 
10^ M0 (Herrnstein et al..l998.) . 



tion has been used to probe the conditions 
in warm n eutral gas (Goikoechea et al. 2004; 
IKlockner & Baan 2005). Observations of CO 
and H i absorption have been used to study the 
molecular tori (Conway 1999; Pedla ill2004h at 
a linear resolution often smaller than a par- 
sec (MundelLetjil. 2003). These observations 
have revealed, in particular, the morphology 
and kinematics of neutral gas in the molecu- 
lar torus in NGC4151 (Fig.|6} and in a rotat- 
ing outflow surrounding the relativistic jet in 
1946-1-708 (>Peck & Tavlor.2001i) . 

6. Broad-band spectrum 

Broad-band emission from AGN is domi- 
nated by non-thermal synchrotron and inverse- 
Compton radiation from highly accelerated 
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Fig. 6. Montage of the inner 250 pc of NGC 
4151. The H2 emission traces a torus, the Hi 
absorption comes from a ring inside the torus. 
Ionized gas (black ) is assumed to fill th e torus 
inside the H i ring (iMundell et al.l2003l) . 



plasma. The synchrotron mechanism plays 
a more prominent role in the radio do- 
main, and the properties of the emitting ma- 
terial can be assessed using the turnover 
point in the synchrotron spectrum (Lobanov 
Il998b), synchrotron self-absorption (Lobanov 
[l998a), and free-fre e absorption iri the p lasma 
dWalker etal] 1200(1: lKadler"etal] l2()0l . The 
free-free absorption studies indicate the pres- 
ence of dense, ionized circumnuclear mate- 
rial with Te «i lO'^K distributed within a 
fraction of parsec from the centr al nucleus 
( lLobanovll99 8a';'Walker et al.'2000'). Mapping 
the turnover frequency distribution (Fig. 
provides a sensitive diagnostics of shocks and 
plasma instabilities in the relativist ic flows 
(Lobanov et al. 19971 lLobanovll998bl) . 

7. Conclusions 

Radio spectroscopy offers a variety of tools 
that can be used to assess and quantify the 
physical conditions in galaxies and active 
galactic nuclei. Observations of neutral hydro- 
gen, recombination and molecular lines pro- 
vide a wealth of information about the gas dy- 
namics on galactic scales. However, the limited 
sensitivity of present-day instruments does not 
allow to use the line emission to study struc- 
tures on sub-arcsecond scales. 




R.lali.« R.A. [arcracl 



Fig. 7. Distribution of the turnover frequency 
in the jet of 3C 345 obtained from fitting mul- 
tifrequency VLBl data. Values of the turnover 
frequency (in GHz) are shown next to the cor- 
responding contours. Values below 1 GHz are 
upper limits. The distribution implies the pres- 
ence of strong shocks within ~ 1 mas (~ 5 pc) 
of the nucleus. At larger distances, the shocks 
dissipate and give way to Kelvin-Helmholtz 
instabilities indicated by oblique patterns of 
higher turnover frequency (lLobanovll998bh . 



Maser lines and absorption lines can be 
studied at highest resolution, even with the ex- 
isting instruments. Maser emission, although 
detected in a modest number of extragalactic 
objects, provides an impressive opportunity to 
detect and monitor processes in accretion disks 
on scales of less than a parsec. Absorption to- 
wards compact extragalactic jets presents an 
effective tool to diagnose the properties of cir- 
cumnuclear gas associated with the molecular 
tori and sub-relativistic outflows in AGN. 

The field of radio spectroscopy will be rev- 
olutionized with the next-generation radio as- 
tronomy facilities planned to be built in the 
near future. A brightness temperature sensitiv- 
ity as low as 100-1 0000 K at angular scales 
as small as a few milliarcseconds will become 
feasible in the millimeter and centimeter do- 
mains. Quasar molecular absorption lines will 
be observed in the spectra of many sources. 
The optically-obscured molecular tori and the 
circumnuclear starbursts of nearby galaxies 
will be resolved. The presence of central black 
holes will be studied kinematically in a large 
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number of galaxies. This will open a truly new 
era in the studies of active galactic nuclei. 
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